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I. Introduction
Researchers have found that "time stamps" indicating when an event took place and for how long, are sufficient to keep track of historical time event information in an REA (ResourcesEvents -Agents) structure (McCarthy 1982) and its extensions (e.g., Hollander et al. 1996) such as REAL (REA-Locations). Financial statements can be derived from historical data. In addition, more extensive and detailed, decision-facilitating queries can be answered based on that historical information.
However, four recent developments suggest that REA be extended in order to meet emerging requirements. First, as systems have become more computerized the "transaction" time, the time that an event or transaction is recorded, is emerging as an important source of efficiency and control information. Using transaction time, when data was entered into the database can be used to provide insight into worker efficiency at processing event information or to detect fraudulent activity (e.g., Tenor 1988) . Second, increasingly resources, agents and locations are becoming time constrained. For example, corporations are banding together in virtual organizations that employ resources, agents or locations for only limited periods of time, in order to maximize marginal revenues from those assets. In order to accomplish this task, there is a need to have information that relates to general availability of resources, agents and locations (e.g., 8 am to 5 pm). Third, emerging enterprise concepts need a model of planned time that extends notions of historical time, as part of a "valid" time model. Not only is there interest in the general availability of resources, agents and locations, but given that information, what plans have been established. Plans are events, as are instantiations of those plans in order to gather data on planning effectiveness. Further, the different models of time can be used together. For example, the difference between transaction time and historical valid time or the temporal order may provide insight into fraudulent activity. Fourth, the importance of two types of time, transaction time and valid time (the time over which information is valid) has been recognized in two American National Standards Institute (ANSI) change proposals for SQL (Snodgrass et al. 1996a and Snodgrass et al. 1996b ).
In order to meet these emerging enterprise requirements, and provide sufficient information to facilitate controls and monitoring, additional models of time are needed. The purpose of this paper is to generate some of the requirements and characteristics of such enterprise time models.
Plan of This Paper
This paper proceeds as follows. Section II provides a brief background for REA database systems and previous treatment of time in REA systems. Section III discusses the forces behind generation of an extended model of time in REA. Section IV summarizes some database models of time, and distinguishes between transaction time and valid time. Section V investigates the use of transaction time and valid time in REA. Section VI discusses the implementation of the time models. Section VII provides a basis of evaluation of the model. Section VIII investigates some extensions and briefly summarizes the paper.
II. REA Database Systems and Time
This section briefly reviews REA and their extensions, their need for time and their current models of time.
REA and REAL Database Systems
The REA (Resources-Events-Agents) model was proposed by McCarthy (1982) and later modified by Hollander et al. (1996) as the REAL (Resources -Events-Agents-Locations) model. Both models provide templates of economic events, based in part on fundamental modeling concepts proposed by Chen (1976) . Much of the extensive literature growing up around REA is summarized in Dunn and McCarthy (1997) .
For the remainder of the paper I will focus on REA. REA focuses on modeling the concepts (e.g. resources) on which information flow is based, rather than modeling information artifacts (e.g., checks, invoices and ledgers). Under REA, required information artifacts are considered views, rather than influencing the underlying data model. Ultimately, if the model is built correctly, any particular view can be generated from the underlying data model. Accordingly, enterprises can integrate a wide variety of data in the enterprise database, including financial and non-financial data.
When it was first presented, REA was based on entity relationship database templates relating each of economic resources, economic events and internal and external agents (participants). Now other approaches could be used for the REA template, such as UML.
REA employs concepts of outflow of economic resources, inflow of economic resources, duality relationships between sets of events and participants to events (agents). The general REA format is in figure 1. The REA format would be extended to include event location. A specific example of the REA template for purchasing goods is given in figure 2 . Each event, such as a purchase or cash disbursement has a resource (or set of resources) that is either incremented (inventory) or decremented (cash). In addition, each event has an inside agent (e.g., buyer) and an outside agent (vendor). For a purchase, the inside agent is responsible for the purchase of the resource, while the outside agent is responsible for supplying the inventory. (e.g., December 12, 1994, 4:43 PM) and an absolute length of time (3 minutes and 42 seconds). 
III. Forces for a Model of Time in REA
There have been three primary forces that lend themselves to the inclusion of time in REA:
changing nature of monitoring and controls, virtual organizations and enterprise resource planning systems.
Changing Nature of Monitoring and Controls
Paper is being driven out of today's computer-based systems. As a result, performance monitoring, that use to depend on paper-based measures (e.g., documents processed), has limited application. Accordingly, there is a need to capture additional information, such as, when an event was processed, and how long it took, in order to monitor performance.
In addition, historically, fraud detection also employed substantial paper-based analysis. Since that paper is not longer available or does not provide timely enough feedback, companies and researchers are developing intrusion -detection systems that exploit available data to try to determine anomalous situations, e.g., fraud (Tenor 1988 and O'Leary 1992) . One such potential indication of fraud might be the length of time between when an event took place and when it was recorded. Unfortunately, since REA does not differentiate between time to record an event and the event time, information is not readily available for use to either monitor or control.
Further, in some cases decision makers may want to "roll -back" to some particular time, in
order to see what was the state of the world at some previous time, possibly to evaluate decision making. In order to so, would require transaction time on every tuple. 
Virtual Organizations

Enterprise Resource Planning Models
Enterprise resource planning (ERP) models have changed and have changed information needs.
Initially, enterprise models started out as little more than transaction processing models, concerned only with historical data. However, increasingly, enterprise models are being pushed in many other directions by ERP systems, such as SAP. In particular, one of the key functions of ERP systems is that of planning (e.g., Whang et al. 1995) . When "planning" information is required, information needs change. For example, planning information is likely to gather future oriented information, such as schedule information or planned materials usage.
IV. Models of Time
Database researchers have used two different models of time (continuous and discrete) to capture valid time and transaction time requirements.
Continuous vs. Discrete Time (McKenzie and Snodgrass 1991)
Continuous or discrete models can be used to represent time. Both models assume a linear Valid time, also called intrinsic time by Bubenko (1977) , is when the information is valid, e.g., when an event occurred. Transaction time is when the event was captured, or the resource, agent or location information was established. Bubenko (1977) A system that supports only valid time is called historical. A system that supports transaction time is called rollback. A system that supports both valid time and transaction time is called a temporal system. This paper proposes a temporal system, rather than a historical system or rollback system.
Single Dimensional vs. Multidimensional Valid Time
Those events designed to capture historical information, e.g., customer orders, generally need a single dimensional model of time. Historical events need measures of start and finish or equivalent. For example, "absolute time" discussed by Hollander et al. (1996) above, is "historical" valid time.
However, in some cases, there is the need for multidimensional valid time for events. When we begin to integrate planning capabilities, additional valid time information becomes important.
For example, we might be interested in when a resource, such as a truck, is scheduled for use and when it actually was used, requiring multiple dual dimensions. Valid time, for single and multidimensional events, and transaction time are summarized in figure 3. 
Valid Time Model for Resources, Agents and Locations
In order to facilitate the existence of virtual organizations, firms need to be able to access 
Single Dimension Valid Time
For events designed to capture historical information, a single dimensional model of time is appropriate, as seen in previous research, as noted above.
Multidimensional Valid Time Planning for Events
Planning is required both intra firm for enterprises and inter firm for virtual organizations and other activities. In order to capture time related to plan and its instantiation, a multidimensional model of time would be required.
Intra Firm Planning. Time requirements necessary to facilitate intra firm planning vary across events and industries. However, in any case planning requires the capability to reserve assets for use to implement the plan.
(a) Reserve Time. Enterprise planning requires the ability to "reserve" resources, agents or locations. Examples of availability used in enterprise systems are the events of making inventory "available to promise" to clients and "reserve materials for planned use" (Whang et al. 1995, p. 26) . In order to reserve resources, agents or locations, a reservation event must occur that specifies the time over which the reservation would take place and the length of time before the reservation would expire. Interfirm Planning. Plans can be built around other firms' schedules for resources, agents or locations. For example, a train may be scheduled to arrive at a particular time to pick up goods.
As a result, our firm needs to plan around an externally controlled event and capture information about the quality of such services. A firm plans use around that schedule, thus, the relationship between that schedule and its instantiation are important information that can be used to help choose firms to work with and evaluate quality of service.
(a) Scheduled Departure Time. The schedule of an externally owned asset, such as a train, is an example of a "schedule departure time," although the same concept can be used for other types of assets. Given a schedule of departure times, a firm can plan around the schedule or take a proactive approach at trying to find a schedule that meets its needs. A scheduled planning time model would capture at least the expected arrival time and expected departure time, or equivalent information. 
Planned Time vs. Historical Time
Historical time represents when an event has occurred and how long it took. Historic time does not cancel. In particular, for control purposes, systems that capture accounting events do not cancel those events.
However, planned events can be cancelled, and often are cancelled. As a result, planned events (both internal and integrating) need to capture cancellation information. Accordingly, in plan time events, typically there will be need for a field indicating whether an event has been cancelled. The cancellation event can also capture time-based information.
VI. Implementation
Throughout, duality drives the multidimensional valid time models for two reasons. First, each tuple must have both a unique legal and transaction time. Second, for every planned event there is a dual actuality, otherwise the plan is not implemented. Basically, the same model is employed for both intra and inter firm events.
General Dual Model for Multidimensional Time Stamps
For each pair of planned and actual instantiated time, the following general template will allow 
VII. What Does the Model Accomplish?
This section investigates how the models meet the requirements of three different dimensions:
Time, REA and Virtual Organizations.
Time Dimension
McKenzie and Snodgrass (1991, p. 51 -527 ) elicit a number of time representation capabilities.
In addition to a number of database algebra characteristics, those tuple-based capabilities include the following, each of which is satisfied with our dual REA model of transaction and legal (planned and actual) time.
REA Dimension
Models of time were proposed for resources, agents and locations, and also for events. Within events, time models were differentiated by single dimensional (e.g., historical) and multidimensional (e.g., planning and instantiation of plans) valid time models. Inter and intra firm events had similar dual structures. Generally, the information facilitated determination of availability of an asset (resource, agent or location), the scheduling of those assets and the actual use of those assets in the plan.
Virtual Organization Dimension
Two different aspects associated with virtual organization interaction were addressed. First, virtual organizations need to be able to know when sharable resources, agents and locations are available. As a result, time availability was proposed for each of resources, agents and locations. Second, virtual organizations need to know scheduled events of the virtual organization. This knowledge can be used to see which firms stay on schedule and which are too busy for additional work. As a result, schedule event information, and its instantiation were captured as events.
VIII. Summary, Extensions and Contributions
This final section summarizes the paper. In addition, it also briefly discusses some extensions and contributions.
Summary
This paper has suggested additional models of time based on transaction and valid time for each of resources, events, agents and locations. These time models were designed to provide
• control and performance monitoring capabilities, required in contemporary computer-based systems,
• resource, agent and location availability information, necessary for virtual organizations and
• capture planning event and instantiation information needed for intra and inter firm planning.
Extensions
There can be a wide range of time-based issues that can be addressed, many of which are industry specific, and beyond the scope of this paper. For example, work rules limit scheduling of pilots in airline industry applications, as a function of flight hours over some period of time.
Active databases also could be used to ensure that work rule constraints are met.
McKenzie and Snodgrass (1991) note that there is no "perfect" time algebra, since there are conflicting and incompatible criteria for any time algebra. In particular, tuple time stamped data and attribute time stamped data are inconsistent. If tuples are individually stamped then attributes do not have their own time stamps. This paper is focused on tuples, however, the approach could be extended to an attribute-based approach.
Contributions
REA researchers to-date have focused primarily on the capture of a single dimension of time for events, historical. Little attention has been given to transaction time within the context of REA.
Further, researchers primarily have been concerned with models of time for events, and not resources, agents or locations.
This paper extended the time model to valid time structures beyond historical data to include planning and instantiation of those plans. An REA dual model was developed to capture the 22 relationship between plan time and plan instantiation time. In addition, transaction time was associated with resources, events, agents and locations. Finally, an historical model of time was presented to capture resource, agent and location availability.
